For the improvement of the sound environment around a portal of a high speed train tunnel, model experiments for the reduction of MPW (Micro-Pressure Wave) have been studied. In order to reduce the level of MPW, a control wave, that is a positive pressure, is generated at a side-branch in a model tunnel and is superposed on the incident wave front of a compression wave propagating through the tunnel. The method of active reduction of MPW and experimental equipment are shown. Characteristics of the wave forms of the compression wave and the control wave with suitably designed servo actuators were examined. The experimental results of the reduced level of MPW agreed well with numerical calculation results.
positive pressure is more effective than the one using negative pressure. In addition, for long tunnels, which tend to emit MPW, the front of a compression wave can be controlled with positive pressure at the point near the entrance rather than the exit in the tunnel. In this case, the mechanical design is easier because the wave front of the compression wave does not grow steeper gradient inside the tunnel near the entrance.
In this paper, experiments on the generation of a compression wave and a control wave are described. Servo actuators and air tanks were developed and installed at the end of the upstream and at a side-branch of a model tunnel. A servo actuator is used which can make any wave form. In the experiment on the reduction of MPW, the application to a real tunnel was taken into account, i.e., the experiments were done in the following situation, too.
1. When the pressure of the control wave is not enough.
2.
When the timing of the control wave is not accurate. The results of the experiments were compared with the numerical calculation [13] , whose scheme is the two-dimensional method of characteristics. The method of characteristics is one of the numerical analysis methods of unsteady flow and is based on the fact that two Riemann invariants are constant along different characteristics curves.
Min et al. [14] used rubber hose whose inside diameter was 30 mm as a model tunnel. A ball valve, whose opening diameter was 15 mm, was applied to generate a control wave. Though the superposition of the control wave and the compression wave succeeded by adjustment of drive condition and timing of the ball valve, the cross-sectional area of the model tunnel was quite small and the reducing effect of MPW was scarcely discussed. Figure 2 shows the method of active control with positive pressure. Because the peak pressure of the MPW is proportional to the gradient of the compression wave Method of active control with positive pressure [3, 5] , the gradient of the compression wave is made smaller in order to reduce the level of the MPW. A compression wave form is measured at Point A in a tunnel. According to the compression wave form, air is emitted from a valve installed at a side-branch for the generation of a control wave. The control wave has a non-steep positive gradient and a steep negative gradient. The steep negative gradient of the control wave is superposed on the steep positive gradient of the compression wave.
METHOD OF ACTIVE CONTROL
The incident wave front of the compression wave has no steep gradient and the level of the MPW will be reduced. Figure 3 shows the overall view of the experimental apparatus. PVC (Polyvinyl Chloride) tubes, whose length is 4 m, are connected and the overall length of the model tunnel is 72 m. Inside diameter is 0.15 m. Air tanks located at the upstream end and at the side-branch consist of two PVC tubes each. A servo actuator to generate a compression wave or a control wave is attached to each air tank. Overall length of the model tunnel and the location of the side-branch were chosen to avoid the influence of the reflection from the exit of the tunnel. The air tank of the sidebranch is bent because of the location of a building. Inside a real tunnel, it is possible that the servo actuator and the air tank could be installed parallel to the tunnel. In Fig. 3 , a wave form of a compression wave is measured at Point A by a pressure transducer. The motor speed command or motor speed monitor (see 3.2) is measured at Point B. The control wave is superposed on the compression wave and the superposed wave is measured at Point C with a pressure transducer. Point C is located from 10D (D is the diameter of the tunnel.) downstream from the side-branch according to the numerical calculation result that at least 10D distance between side-branch and a transducer is required in order to settle the one dimensional wave propagation and to measure a correct superposed pressure wave. The distance between Point D and the center of tunnel end is 4D and the angle to the axis is 45 degrees. All pressure transducer details are shown in Table I .
EXPERIMENTAL APPARATUS 3.1 Model Tunnel

Servo Actuator
The servo actuator system for the generation of the compression wave and the control wave is shown in Fig. 4 . A servo actuator is built into an air tank which consists of two PVC tubes. Air is supplied to the air tank from a compressor and the air pressure is adjusted to a preset value with a pressure transducer and a magnetic valve. The servo actuator consists of a valve, a linear motion guide, a servo motor and a servo motor controller. A computer gives motor speed command data to the servo motor Model tunnel and pressure transducers controller through a D/A converter. The controller controls the servo motor and receives an encoder signal from the motor. The encoder signal is converted to a voltage as a motor speed monitor, which is the actual motor speed, by the controller. The valve is driven by the servo motor and the linear motion guide. The valve opening area is proportional to the displacement of the valve if the displacement is less than 20 mm. Maximum opening area is 8000 mm 2 .
The relationship between the D/A output voltage e and rotation speed of the servo motor r is r/e = 500 rpm/V. The lead of the liner motion guide is 20 mm, and hence moving speed of the valve is 167 (mm/s) /V. Maximum rotation speed of the servo motor is 3000 rpm when the input voltage is 6 V. Figure 5 shows a servo actuator. The upper photo shows a servo actuator and the lower photo shows the one
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Figure 4
Servo actuator system for generation of compression wave
Valve Figure 5 Servo actuator built into a PVC tube which is a part of air tank. Table II shows the specification of the servo actuator system.
GENERATION OF COMPRESSION AND CONTROL WAVES 4.1 Compression Wave
An example of the generation of a compression wave is shown in Fig. 6 . The gauge pressure inside the air tank of upstream was 0.2 atm (19.6 kPa) and motor speed command given to the servo controller was single sine curve which time length was 0.2 s. The motor speed command is (a) and the generated compression wave is (b). The valve is opened when the voltage of the motor speed command is negative and it is closed when positive. After the finish of opening and closing the valve, a small offset voltage is kept because valve should keep small closing power to avoid air leaks (see Fig. 6 (a) ). This offset voltage must be small enough to prevent an error of the servo motor controller.
The small time lag from P1 to P2 in Fig. 6 (b) is observed. This time lag is about 6.6 ms and is the sum of the delay of valve motion to motor speed command and the propagation time of the generated compression wave from the valve to Point A. Because of the pressure decrease in the air tank, a slowdown of the pressure rise is observed from P3 to P4. After P4, the pressure drop is observed. The expansion wave in the air tank propagates upstream and reflects at the end of the air tank. Because the total length of the progagation of the expansion wave in the air tank is 16 m, the propagation time is about 47 ms. It is almost the same with the time length 
Figure 6
Generation of compression wave from P2 to P4, therefore, it is considered that the pressure drop after P4 is the effect of the reflection of the expansion wave. The front of the compression wave, that is the rising part from P2 to P3, is sufficient to generate MPW. So, only the wave front of the compression wave is used in this study. In order to avoid this pressure drop, a bigger and longer air tank should be applied. Figure 7 shows a sample of motor speed command and motor speed monitor. They were measured simultaneously. Very little delay between them is observed. The driving test has been repeated in the range of the specification shown in Table II and the correct operation of the servo actuators has been confirmed. Figure 8 shows a sample of motor speed command. A non-steep positive gradient is generated by the slow opening valve and a steep negative gradient is generated by Motor speed command for control wave quickly closing the valve. The negative gradient is adjusted to the gradient of the wave front of the compression wave on the absolute gradient and on the time of superposition. As the valve must open slowly, the section 'a' is a quarter of a sine wave as shown in Fig. 8 . As the valve must close quickly, the section 'b' is a constant positive voltage to generate a constant negative gradient of the control wave. A small offset voltage is kept after the section 'b' to keep a small closing force on the valve. Valve opening displacement and closing one must be the same, i.e., the length of section 'b' is calculated to make area S 2 the same area as S 1 . The length of section 'a' is fixed 0.1 s in this study. To avoid the air leak just after the valve close, the length of 'b' is increased by 4%. Figure 9 shows a sample of: (a) Motor Speed Command (The amplitudes of section 'a' and section 'b' are -0.8 V and 2 V respectively.) (b) Actual Motor Speed (c) Generated Control Wave and Valve Displacement The gauge pressure inside the air tank was 0.6 atm (58.8 kPa). Reflection waves of the generated control wave at the tunnel exits of downstream and upstream were omitted. The valve displacement was calculated by the integration of (b).
Control Wave (1) Motor Speed Command
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(2) Valve Opening Area and Control Wave
Because valve opening area is proportional to the displacement of the valve, the pressure of generated control wave is proportional to the valve opening area approximately. It is considered that the reason of this phenomenon is that air pressure was emitted inside a tunnel.
When the amplitude of section 'b' in Actual valve displacement & generated control wave are observed. In the region of this amplitude of section 'a', the peak pressure of the generated control wave is almost proportional to the maximum valve opening area because opening area is proportional to the valve displacement. The negative gradient of the control wave (D) responds to the gradient of valve displacement (C).
Negative displacement of about 1 mm can be seen around (E). It comes from the elastic deformation of rubber. The seal was kept by pushing an O-ring against a rubber plate.
EXPERIMENT ON ACTIVE CONTROL OF MPW
The maximum pressure and subsequent negative gradient of the control wave were controlled by the amplitudes of sections 'a' and 'b' (see Fig. 8 ) and the experiment on the reduction of MPW was performed. The gauge pressure inside the air tank for the generation of the compression wave was fixed 0.2 atm (19.6 kPa) and for the generation of the control wave was fixed 0.6 atm (58.8 kPa). Experimental results are compared with the numerical calculation [13] which applies the two-dimensional method of characteristics.
Generation of the Compression Wave
The motor speed command of the control servo actuator was zero, i.e., only a compression wave was generated in the model tunnel and an emitted MPW from the exit. A sample of the measurement result is shown in Fig. 11 . The maximum pressure of the compression wave at point C is about 5000 Pa and the length of the rising part (L) of the compression wave is 10 ms. The emitted MPW at Point D is 11.5 Pa. A negative MPW 'P1' at Point D is observed. This negative MPW was generated by the negative gradient of the compression wave (P2 at Point C) and this negative MPW is not intrinsic.
Reduction of MPW
The experimental result on the reduction of MPW is shown in Fig. 12 . A control wave is superposed on a compression wave at Point C and the MPW is not observed at Point D. The control wave propagating upstream is observed at Point A (P 1 and P 2 ). It is considered that this control wave propagating upstream is attenuated during the propagation by the following reasons. 1. Positive gradient P 1 can be set to a small enough value not to become steeper during propagation. Generation of MPW
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2.
Because P 2 is a negative gradient, the gradient decreases during propagation.
3.
Because propagating pressure upstream hits the train in a tunnel, the pressure is disturbed as it passes the train. It is a fact the entrance of a train does not cause any impulsive noise problem outside the exit of the tunnel, when another train is already in the tunnel.
Reduction with Inadequate Control Wave Pressure (1) An Example of Experimental Results
The experimental result of active reduction of MPW in the case where the pressure of the control wave is only 37% of the compression wave is shown in Fig. 13 . Even in this particular case, the MPW is attenuated.
Vol 
Incorrect Timing of the Generation of the Control Wave (1) An Example of Experimental Results
The experimental result of active reduction of the MPW in the case that the superposition timing of the control wave is delayed 30% of L is shown in Fig. 15 . Here L is 10 ms and is the length of rise time of the compression wave. (see Fig. 11 ) A peak is observed but the MPW is attenuated. 
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CONCLUSION
The experiments on active control of MPW were carried out. In order to reduce the MPW reduction level vs. timing shift of generation of control wave
